Extremely high pressure (-^lO TPa) and temperature (5 x lO^K) have been produced using a single laser pulse (-^100 nJ, 800 nm, 200 fs) focused inside transparent dielectrics. The laser pulse of intensity over 0.1 PW/cm^ converts a material within the absorption volume of -^ 0.15 jiva? into plasma in a few femtoseconds. A pressure of -^10 TPa, far exceeding the strength of any material builds up to the end of the pulse generating strong shock and rarefaction waves. This results in the formation of a nano-void surrounded by a shell of shock-compressed material. In sapphire, the compressed shell revealed that it has a density 1.14 times of the initial one and increased chemical reactivity. The unique conditions: extreme pressure and temperature at record high heating and cooling rates become available in a well-controlled laboratory environment.
INTRODUCTION
Studies of matter under high pressure and temperature encompass an exciting research field of condense matter physics. These studies range from formation of new materials to modeling a state of matter inside stars and planets. Creation of such conditions in laboratory is a formidable experimental and technical task. The pressure in excess of 0.1 TPa has been obtained under the press with the diamond anvil in the stationary conditions, while transient pressure behind the shock waves generated by chemical explosives or by nuclear bomb amounts up to 50 TPa [1] . It has been demonstrated recently [2, 3, 4] that one can create TPa pressures, many times larger than the strength of any material.
by conventional tabletop 100 nJ laser pulses tightly focussed inside the bulk of transparent solid. We demonstrate here that extremely high pressure created in the focal region drives the shock and rarefaction waves, which produce a nano-void surrounded by the shell of material with the density 1.14 times larger than that of pristine solid. We present experimental data evidencing of formation of new superdense phase of sapphire.
EXPERIMENT
The laser beam was tightly focused inside sapphire. The focal volume containing high energy density is confined inside a cold and dense solid. The laser pulses 800 nm/200 fs were focused using a high numerical aperture lens (A^^ = 1.35) into a focal volume less then A^. The peak power in a laser beam delivering the energy to the desired spot inside a transparent solid was kept at 0.5 MW much lower than the critical threshold value for self-focusing of 1.7 MW. Therefore, the laser energy could be delivered to the focal volume without beam distortions. The focal volume of ~ 0.26 \ivc?, and focal spot area of 0.14 jum^ were defined from the focussing conditions giving the intensity of 0.35 PW/cm^ for 100 nJ pulse that is well above the optical breakdown threshold for dielectrics [5, 6] . The interplay of the avalanche and the multi-photon ionisation processes swiftly converts a crystal into solid density plasma (electron density ~ lO^^cm"^; average ion charge of 4-5) during a few optical cycles. In such plasma the absorption length and volume both shrink while the absorption coefiicient increases. The ionisation equilibrium establishes towards the end of the pulse and the electron density saturates. The maximum pressure driving the shock wave is defined by the whole deposited energy in the absorbing volume, Po = 13.4 MJ/cm^ (13.4 TPa) [2, 3] . This significantly exceeds the Young's modulus of any of existing materials. A strong shock wave starts to propagate from the absorbing region after the energy transfer from electrons to ions (~2ps). It compresses the surrounding crystal while a rarefaction wave moves in the opposite direction towards the center of symmetry creating a void. The array of laser-affected spots was created along the c-axis inside sapphire; then, cleaved ( Fig. 1 ) and examined by scanning electron microscopy (SEM). Each region affected by a single laser pulse consists of central void surrounded by a shell extending to about twice the void diameter (Fig. 1) . The dependence the diameter of the laser-affected region with increasing pulse energy was measured in the same focusing conditions.
The compressed material close to the boundary between crystalline and amorphous sapphire was investigated under the high-resolution transmission microscope (HRTEM); irradiation was along c-axis. The Fast Fourier Transform (FFT) analysis of the HRTEM images was used for structural analysis. Precision of a period determination was ±0.02 A . Fig. 2(a) ). Arrow marks the direction of the 1.6 A periodicity (see, Fig. 2(b) ).
PROPERTIES OF COMPRESSED SAPPHIRE density 1.14 times higher than that of crystalline sapphire. Dense phases formed by strong shock waves usually transform into a low density phases when the pressure releases to the ambient level. We found that shock compressed sapphire retains the higher density even after the pressure release. It may be attributed to the extremely fast cooling that reaches in our conditions ~ 10^^ K/s. Most probably shell consists of amorphous sapphire with inclusion of microcrystallites of the new phase denser than the pristine sapphire. Indication on the predominantly amorphous nature of compressed material follows from the fact that the shell could be completely dissolved in 10% water solution of HF and afterwards removed up to smooth boundary with the pristine sapphire crystal [2, 3] .
The average density of compressed shell can be deduced from measured void size and size of shockaffected zone on the basis of the laws of mass and energy conservation. The distance at which the shock front effectively stops can be estimated from the condition that the internal energy in the volume inside the shock front is comparable to the absorbed energy. For spherically symmetric motion this condition reads AnPorl^Qp/l^ ^ Eats {PQ is the bulk modulus) [7] . The sharp boundary observed between the amorphous and crystalline sapphire corresponds to the position where the shock wave stopped. The experimentally measured dependence of the amorphous diameter, D^, on the laser energy can be fitted using the above argument by: D^ = la\/Eabs, from where la= 80 nm, and Eabs [nJ] . This value of the characteristic length, la, is close the absorption depth calculated for plasma ~ 65 nm.
The void formation inside a solid is only possible if the mass initially contained in the volume of the void was pushed out and compressed. After the micro-explosion the whole mass initially confined in a laser-affected volume resides in amorphous shell which has a density p = 5po; 5> \. The density of a shell can be expressed through the measured sizes of void and laser-affected region with the help of mass conservation as follows:
Typically we observed Dy ~ 0.5/)^-Thus, shockcompressed material after the pressure release has a
DISCUSSION
The computer simulations of micro-explosion were performed in the spherical geometry with the hydrodynamic code Chivas [8] (ionisation equilibrium, separate temperatures of electron and ions). We approximate the cylindrical region where the energy absorbs by the equivalent sphere. The energy of 50 nJ was deposited homogeneously over the spherical volume of a radius 7?o = 130 nm in a material with the initial density po. The equation of state (EOS) implemented in the code [9] describes solid-melt-plasma and reverse transitions. The simulation started after the laser pulse end with electron temperature T = 26.2 eV, and the average ion charge (number of electrons that is stripped off atom) (Z) = 4.3. The hydrodynamic motion commences after the electrons transfer the absorbed energy to ions in excess of that necessary for breaking inter-atomic bonds. The strong shock wave emerges at the outer surface of energy deposition sphere compressing a material to the density twice of the initial one. Then, the pressure behind the shock front rapidly decreases with the distance, finally the shock transforms into the acoustic wave. The void is formed behind the shock and its radius gradually increases. The compression ratio at 1 ns time reaches its asymptotic value of 5 = (p/po) = 1.1 that qualitatively complies with the density of amorphous layer retrieved from experiments, 5exp =1.14 ( Fig. 1) .
The micro-explosion in sapphire is characterized by the total absorbed energy Ecy, initial density po; and radius of the energy deposition zone, Ro; one can neglect processes faster than the hydrodynamic time -^ 1 ns. The similarity laws of hydrodynamics suggest that micro-explosion in sapphire is a reduced copy of macroscopic explosion that produces the same pressure at the same initial density but at different space-time scale. For example, energy lO'^ Joules (equivalent to 25 kt of high explosives) released in a volume of 4 m^ exerts the same pressure as the laser-induced micro-explosion in sapphire. Therefore all major hydrodynamic aspects of powerful macroscopic explosion can be reproduced in laboratory tabletop experiments. The high heating lO'^ K/s and cooling lO'^ K/s rates are unique for such micro-explosions. Figure 2 shows a high-resolution transmission electron microscopy (TEM) image of a crystallineto-amorphous boundary and its Fourier transform calculated by the fast Fourier transform (FFT) algorithm. FFT spectrum indicates a presence of spatial frequencies shown by circles and the corresponding periods ( Fig. 2(b) ). There are several close directions for each periodicity signifying presence of nanocrystallites with disorientation of a few degrees. The TEM images were digitized with high resolution in order to distinguish up to a 0.135 nm periodicity, which corresponded to the Nyquist frequency of our analysis (N = 1024 points perL = 69 nm; see square in Fig. 2(a) ). This allowed to resolve and assign all but the smallest period of 0.1147 nm between n-planes of the main low Miller index planes (the facets of crystal) of sapphire [10] _a(l 120), m(lOTO), c(OOOl), r(l 102), s(1011), n(1123); the corresponding periods are (in [A]): a = 2.379, m = 1.375, c = 2.165, r = 1.964, 5= 1.961, «= 1.147. The 0.13 nm periodicity is smaller than that of Nyquist frequency and can be caused an aliasing, i.e., the corresponding spatial frequency appears at a false position on a FFT map.
The only one period which can not be assigned to the known low-index planes and was measured within the Nyquist circle was the spatial frequency at 1.6 A . This period was not unique to this particular region shown in Fig. 2(a) , but was also observed along the edge of the crystalline-amorphous boundary at distances ranging from 0 to 50 nm from the amorphous phase (Fig. 3) . The origin of this 1.6 A phase needs further investigations with higher resolution X-ray diffraction in order to make distinction between the new compressed phase and the period between (116) sapphire planes, which has a similar value.
The unique conditions: extreme pressure and temperature at record high heating and cooling rates become available in a well-controlled laboratory environment. The compressed sapphire with density 1.14 of crystalline value has been recovered after experiment. The spatial period of 1.6 A at the rim of amorphous-crystalline region was revealed. We put forward a conjecture that this periodicity correspond to the denser phase of sapphire, since it does not correspond to the any of low Miller index planes.
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